Two new thiostannates with Mn 2+ ions were obtained under solvothermal conditions applying different amine concentrations. [Mn(C 6 H 14 N 2 ) 2 (H 2 O)] 2 Sn 2 S 6 (1) (C 6 H 14 N 2 = 1,2-diaminocyclohexane, 1,2-dach) crystallizes in the monoclinic space group C2/c (with a = 23.7500(18), b = 15.5655(16), c = 12.1072(9)Å, β = 113.532(8) • , Z = 8). The second compound, [Mn(C 6 H 14 N 2 ) 2 ]-Sn 2 S 6 · 2 C 6 H 15 N 2 (2), crystallizes in the triclinic space group P1 with a = 7.3019(6), b = 11.1798(9), c = 13.2837(11)Å, α = 76.877(10), β = 74.719(9), γ = 82.972(10) • , Z = 1. Both structures feature [Sn 2 S 6 ] 4− anions acting as bidentate ligands and joining the octahedrally coordinated Mn 2+ cations, but in 1 a molecular complex is formed, whereas in 2 a one-dimensional coordination polymer is observed. In 1 the Mn 2+ cation has bonds to four N atoms of two 1,2-dach ligands, to one H 2 O molecule, and to one S atom of the [Sn 2 S 6 ] 4− anion. The [Sn 2 S 6 ] 4− anion is located on a center of inversion joining two symmetry related complexes. In 2 Mn 2+ is surrounded by four N atoms of two 1,2-dach ligands and by two S atoms of two neighboring [Sn 2 S 6 ] 4− anions. In contrast to 1 a negatively charged coordination polymer is formed with [Sn 2 S 6 ] 4− anions acting as linkers and the Mn 2+ centered complexes being the nodes. The co-crystallized 1,2-dach molecules are protonated, and they are located between the chains. The first compound was obtained from diluted aqueous solutions of 1,2-dach, and 2 crystallized from solutions containing < 25 % H 2 O. In both compounds several short S···H distances indicate weak hydrogen bonding interactions. Compound 1 is stable up to 121 • C and 2 up to 220 • C. In the Raman spectra of 1 and 2 resonances which are typical for [Sn 2 S 6 ] 4− units could be observed. The band gaps are found to be 2.6 eV (477 nm) and 3.1 eV (400 nm) for 1 and 2, respectively.
Introduction
During the last decade new open-framework thiometalate compounds were synthesized following the solvothermal route, and the potential of this approach was recently reviewed [1 -3] . The structural features as well as the physical and chemical properties of thiometalate networks can be altered by the integration of transition metal (TM) ions. Whereas it is not surprising that chalcophilic elements like copper and silver can easily be integrated into thiometalate networks [4 -8] , the incorporation of other transition metal cations is more challenging.
0932-0776 / 08 / 1100-1243 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Using Co 2+ , Ni 2+ or Fe 2+ and amines as solvents and structure-directing molecules, in most of the cases inorganic anions and [TM(amine) x ] n+ complexes as charge compensating cations are found in the reaction products as for example in [Ni(en) 3 ] 2 Sn 2 S 6 (en = ethylenediamine) and [Ni(dap) 3 ] 2 Sn 2 S 6 · 2 H 2 O (dap = diaminopropane) [9] . A few years ago we established a new synthesis strategy using multidentate amines like tren (tren = tris(2-aminoethyl)amine) which form unsaturated transition metal complexes. Such unsaturated [TM(amine) x ] n+ complexes can form one or two bonds to the thiometalate network [e. g. [Co(tren)] 2 -Sn 2 S 6 [9] , [Ni(tren)]Sb 2 S 4 [10] 4 S 7 (T M = Mn, Fe, Co, Zn) [11] ]. Compared to other transition metals, Mn 2+ behaves differently and is often integrated into thiometalate networks without usage of a multidentate amine. It seems that Mn 2+ has a comparable affinity to S and N atoms. A prominent example is the thioantimonate structure family Mn 2 (L)Sb 2 S 5 with L = methylamine (ma), ethylamine (ea), diaminopropane (dap), diethylenetriamine (dien), N-methyl-1,3-diaminopropane (mdap) [12 -14] , ethylenediamine (en) [15] or diaminopentane (dape) [16] where one of the two independent Mn 2+ ions is coordinated by four S and two N atoms whereas the second is surrounded by six S atoms. 5 ]Sn 2 S 6 ) n in which Mn 2+ has bonds to one S atom and 5 N atoms [20] . Recently, we published the first Mn 2+ containing thiostannate (1,4-dabH) 2 MnSnS 4 crystallizing in an anionic chain structure with protonated amine molecules as charge compensating cations [21] .
and [T M(tren)]Sb
During our investigation of the Mn-Sn-S-1,2-diaminocyclohexane system we obtained two thiostannates [Mn (C 6 
Experimental

Synthesis
General
All chemicals were purchased (see below for purity and source) and used without further purifications. All compounds were prepared under solvothermal conditions in Teflon-lined steel autoclaves (inner volume: 30 mL) using manganese, tin and sulfur. The crystalline products were filtered off after the reactions, washed with water and ethanol and dried in vacuum. (C 6 (2) 1 mmol Sn, 1 mmol Mn and 4 mmol S in 5 mL of 1,2-dach were reacted for 98 h at 130 • C. In the reaction products yellow needles were found in a yield of approximately 15 % (based on Sn) whereas metal sulfides formed the main part of the products.
Synthesis of [Mn
The crystals were manually separated, and the homogeneity of the compounds was confirmed by X-ray powder diffraction and CHN analyses: 1: calcd. C 27.9, H 5.8, N 10.9; found C 26.4, H 5.7, N 10.4; 2: calcd. C 30.6, H 6.2, N 11.9; found C 30.1, H 6.2, N 11.6.
Structure determination
The intensity data were collected using a Stoe IPDS-1 (Imaging Plate Diffraction System) with MoK α radiation at r. t. for 1 and 2. The structures were solved with Direct Methods using the program SHELXS-97 [22] , and the refinements were done against F 2 with SHELXL-97 [23] . For all nonhydrogen atoms anisotropic displacement parameters were used. The hydrogen atoms of the amines and of the water molecules in 1 were positioned with idealized geometry and refined using a riding model and fixed isotropic displacement parameters. To account for the disorder of the amine in compound 2, the structure refinement was done using a split model. Selected refinement results are summarized in Table 1 .
CCDC 701654 (1) and CCDC 701655 (2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data request/cif.
Thermal investigations
The thermal measurements were performed on a Netzsch STA 429 DTA-TG device. The samples were heated to 600 • C at a rate of 4 K min −1 under a flow of argon (75 mL min −1 ) in Al 2 O 3 crucibles. The TG data were corrected for buoyancy and current effects. 
Raman spectroscopy
Raman spectra were recorded with a Bruker IFS 66 Fourier transform Raman spectrometer (wavelength: 541.5 nm) in the region from 100 to 3500 cm −1 .
UV/Vis spectroscopy
UV/Vis spectroscopic investigations were carried out at r. t. using a UV/Vis/NIR two-channel spectrometer Cary 5 from Varian Techtron Pty., Darmstadt. The optical properties of the compounds were investigated by analyzing the UV/Vis reflectance spectra of the powdered samples (with BaSO 4 powder used as reference material). The absorption data were calculated applying the Kubelka-Munk relation for diffuse reflectance data. For 1 E g amounts to 2.6 eV (477 nm), and the value for 2 is 3.1 eV (400 nm).
EDX experiments
Scanning electron microscopy investigations and energy dispersive analysis of X-rays (EDX) were carried out with a Philips Environmental Scanning Electron Microscope ESEM XL30 equipped with an EDAX detector.
Results and Discussion
Syntheses
Despite a large number of attempted syntheses, varying several experimental parameters like temperature or time, the low yields for the two new compounds could not be improved. This observation is not unusual, and several other reaction parameters may have to be also varied. But such further variations are time consuming, and one cannot be sure that the yield will be significantly enhanced. Nevertheless, the title compounds are interesting examples demonstrating the influence of the concentration of the amine onto the stoichiometry of the product. bi-tetrahedron (Fig. 1) is formed by two symmetry related edge-sharing SnS 4 tetrahedra, and this anion is very common for thiostannates [9, 18 -20] .
The values for the terminal Sn-S t bond lengths of 2.3294(10) and 2.3373(10)Å are shorter than the (Table 2) indicating a severe deviation from the ideal geometry, but all values match well with those reported in the literature [9, 24] .
In both compounds the Mn 2+ cations are in a distorted octahedral coordination. In 1 the Mn 2+ ion is surrounded by four N atoms of two amine molecules, Fig. 2 (Fig. 2) .
In compound 1 the Mn-N bond lengths (2.268(3) -2.297(4)Å, In 2 the Mn-N bonds are identical (2.266(4) and 2.267(3)Å, bite angle N-Mn-N: 77.76(13) • ) and shorter than in 1. In contrast, the Mn-S bond length of 2.6888(11)Å (Table 2 ) is about 0.12Å longer than in 1. Sterical requirements of the amine may explain the weakening of the Mn-S interaction. The enlargement of the Mn-S bond length is accompanied by a shortening of the Mn-N bonds. A similar phenomenon was observed in the thioantimonate family Mn 2 (L)Sb 2 S 5 [12, 13, 16] where Mn-S distances up to 3.185Å for L = mdap were observed [14, 16] . The N-Mn-S angles are in the range from 84.60 (9) to 95.40 (9) • evidencing a severe distortion of the octahedral environment.
In 1 the [Mn(C 6 H 14 N 2 ) 2 (H 2 O)] 2 Sn 2 S 6 moieties are stacked onto each other to form rods along [110] and along [001] . Within the (001) plane a layerlike arrangement of the complexes occurs with neighboring molecules being rotated by 90
• (Fig. 3) . The dimensions of the channels formed by four complexes (see center of the unit cell) are about 6.2 · 5.2Å 2 .
In 1 the H 2 O molecules and N(1), N(3), and N(4) are involved in intra-and intermolecular hydrogen bonding interactions (see Table 3 action to a neighboring moiety, and S(1) has also one contact to this neighbor.
In 2 the anionic chains are running along [010] . The void space generated by neighboring chains is occupied by the 1,2-dach molecules. Charge neutrality requires protonated amine molecules in the second compound where these are located next to the [Sn 2 S 6 ] 4− anions (Fig. 4) .
It is obvious that the different arrangements are due to the spatial requirements of the cations and anions. Like for 1 several S atoms of 2 are involved in S··· H interactions (Table 3) , but the bridging S(3) atom is not part of such contacts. All three H atoms of the N(3)H 3 group show S··· H bonding interactions with S atoms of two adjacent chains, whereas only one H atom of N(4)H 2 has such a contact (Table 3) .
Spectroscopic properties
Raman spectroscopy
The interesting region of the Raman spectra ranges from 400 to 100 cm −1 where the Sn-S resonances are located (Fig. 5) . Spectral data for the [Sn 2 S 6 ] 4− anion are well documented and were reported in many publications, as for example in [9] or for Na 4 Sn 2 S 6 · 14 H 2 O in ref. [26] . The assignment of the modes was made based on these published data ( Table 4) .
The resonances of the symmetric Sn-S t stretching modes are found around 380 cm −1 . In compounds 1 and 2 the Sn-S t bond lengths range from 2.3294(10) to 2.3375(11)Å, and therefore the lines observed in the spectra are slightly shifted [385 cm −1 (1) and 379 cm −1 (2) ]. The Sn-S b vibrations are located at lower wave numbers at about 347 cm −1 (1) and 345 cm −1 (2) . The resonances at 285 cm −1 (1) and 289 cm −1 (2) are caused by a Sn 2 S 2 ring vibration. The energy differences between the resonances in 1 and 2 as well as to the data reported for Na 4 
Thermal investigations
Compound 1 decomposes in three steps with a total weight loss of 48.6 % which is accompanied by three endothermic signals with peak temperatures at T p = 121, 286 and 321 • C (Fig. 6) .
The first step corresponds to the removal of water. Unfortunately, the following two thermal reactions are very close preventing a more detailed study of the decomposition mechanism. In the X-ray powder pattern of the decomposition product obtained at 600 • C MnS and SnS could be identified, and the elemental analysis shows a few percent of CHN in the residue. The calculated weight loss of 53.5 % for the decomposition according to the formal equation
is larger than the observed value of 48.6 % which could be explained with the CHN contamination of the decomposition product.
Compound 2 decomposes in two steps with a total weight loss of 47.9 % with corresponding endothermic events at T p = 220 and 316 • C (Fig. 7) .
The first step with an onset temperature of T onset = 198 • C and a weight loss of approximately 25 % matches with the loss of two molecules 1,2-dach. The second step is accompanied by a mass loss of about 22.9 % and a broad endothermic signal indicating that there are some very close steps which cannot be resolved. Again, only reflections of MnS and SnS are present in the X-ray powder pattern after the decomposition, and a few percent of CHN can be found in the final black residue. One can expect that the weight loss is due to the emission of 1,2-dach molecules and H 2 S. The moderate deviation of the experimentally determined mass loss from the expected value (55.4 %) can be explained with the contamination of the residue. An interruption of the thermal reaction at 220 • C yields a light brownish powder. In the X-ray powder pattern reflections of MnS and SnS were found as well as some reflections which cannot be identified. The elemental analysis gives an overall formula "[Mn(C 6 H 14 N 2 ) 2 ]SnS 3 ". It can be assumed that in the first step the previously protonated amine molecules are removed. Indeed, in the IR spectrum (Fig. 8 ) of the intermediate of the thermal decomposition reaction the absorptions corresponding to 
Conclusions
The successful isolation of the title compounds highlights the synthetic power of the solvothermal approach. From a diluted 1,2-dach solution, [Mn(C 6 H 14 -N 2 ) 2 (H 2 O)] 2 Sn 2 S 6 (1) was obtained with the Mn 2+ cation coordinated to three different ligands. The coordination of H 2 O to Mn 2+ is a highly interesting observation and to the best of our knowledge was not previously observed in transition metal thiostannate chemistry. Normally water co-crystallizes as crystal water, and the transition metal cations have only bonds to the N atoms of the amine and/or to S atoms of the thiostannate units. The Mn 2+ cation seems to be unique in the series of transition metal cations with respect to bonding affinities to N and S, as mentioned in the introduction. The isolation of compound 1 further suggests that under special synthetic conditions Mn 2+ also coordinates to O atoms. Whereas in 1 discrete molecules are observed, the structure of compound 2 can be viewed as a one-dimensional coordination polymer with the Mn 2+ 2− chain requires charge compensation which is achieved by the presence of protonated amine molecules. The isolation of two new thiostannates by simply changing the concentration of the structure-directing molecules in the solvent highlights the large synthetic potential of the solvothermal route. Often such dilution experiments are performed to increase the yield of a compound. But new compounds can also be formed and prominent examples are the series of [Ni(dien)] 2+ complexes (dien = diethylenetriamine) containing thioantimonates(III) [27 -30] . These thioantimonates were obtained at the same temperature by varying the concentration of the amine. The reason for this finding is that the dilution of an amine not only changes the pH value but also several other important factors like viscosity, redox potential, boiling point etc. More syntheses with a systematic variation of the amine concentration may also yield new thiostannates. Such experiments with different amines are currently under way in our laboratory.
